The X-ray multiple diffraction technique using synchrotron radiation is applied in the preliminary study of the habit modi®cation of KDP samples as induced by incorporation of the trivalent transition metal cation Mn 3+ . High-resolution Renninger scans of pure and doped KDP were carried out using 400 as the primary re¯ection, echoing the fact that these impurity species were segregated in the {100} growth sector. The analysis of the Renninger scans of the doped KDP crystals is consistent with the presence of the impurity species chemically bound within the KDP crystal structure, as con®rmed through the suppression of the huge observed peak asymmetry, characteristic of perfect crystals. In addition, an extra Renninger-scan peak measured for the doped material is indicative of the impurity atoms occupying interstitial crystallographic sites in the lattice, a result consistent with X-ray standing-wave measurements. Renninger-scan re¯ection curve widths and lattice parameter measurements reveal the decrease in crystalline perfection (increased mosaic spread, ) and lattice contraction of ca 0.4% in the a and c lattice directions at the surface plane for the Mn 3+ -doped KDP samples in comparison with the undoped crystals.
Introduction
Control of crystal morphology is important in the manufacture of bulk and ®ne chemicals in view of the impact of undesirable crystal shape on downstream processing (Mullin, 2001) . Often face (hkl)-speci®c habit-modifying additives can be designed and used during processing to effect a more desirable crystal shape (see e.g. Clydesdale & Roberts, 1995) . The selection and de®nition of such habit-modifying additives, which in ionic systems often take the form of trace metallic ions, requires the application of structural techniques to assess the nature of the bonding of the ionic additive to the host system. In this context, single crystals of potassium dihydrogen phosphate (KH 2 PO 4 , KDP) have often been used as a representative model system (Kolb & Comer, 1945; Jaffe & Kjellgren, 1949; Davey & Mullin, 1974a,b; Barret et al., 1989) for study with the aim of de®ning the physical mechanism that underpins such processes in industrial crystallization systems. Despite this, there has been a lack of agreement in de®ning the structural chemistry associated with the incorporation of such impurity species. Previous work on the habit modi®cation of KDP has suggested that the impurity is incorporated either interstitially (Davey & Mullin, 1974a ,b, 1976 Fontcuberta et al., 1978; Barret et al., 1989; Eremina et al., 2001, and references therein; or at the substitutional sites, i.e. the potassium site (Byteva, 1968) and the phosphate site (Cunningham et al., 1995) .
Among the techniques which provide structural information, X-ray multiple diffraction (MD) provides high sensitivity to microcrystallographic changes since a typical single MD pattern shows numerous multiple diffraction peaks, each one providing information on different lattice directions within the crystal being analysed. Hence, MD has proved a useful technique for examining the subtle changes in the lattice geometry of materials, e.g. via studies of phase transformations (Chang, 1980) , heteroepitaxial lattice coherence (Morelha Ä o et al., 1998; Hayashi et al., 1999) and plasma diagnosis (Fraenkel, 1980 (Fraenkel, , 1982 . More importantly, MD is capable of solving the phase problem (Colella, 1974; Juretschke, 1982; Chang, 1984 Chang, , 1992 Weckert & Hu È mmer, 1997) , a long-standing topic in diffraction physics and crystallography (Hauptman, 1989) . Because of its high intensity and low divergence, synchrotron radiation is very useful for MD studies (Brown, 1989; Tang & Chang, 1988) and recently Avanci et al. (1998 Avanci et al. ( , 2000 have applied this to probe the effects of an external electric ®eld applied to crystals, from which a versatile method to measure piezoelectric coef®cients was established.
In this paper, the capability of the synchrotron radiation MD technique to detect small lattice distortions produced via the incorporation of crystal-habit modifying species is exploited, for the ®rst time, to examine the structural environment around Mn 3+ additives adsorbed within the {100} habit surfaces of nearly perfect single crystals of KDP.
X-ray multiple diffraction
X-ray multiple diffraction arises when an incident beam simultaneously satis®es the Bragg law for more than one set of lattice planes within a crystal. A set of primary Bragg lattice planes (h p , k p , l p ) is adjusted to diffract the incident beam. By rotating (1 axis) the sample around the primary reciprocallattice vector, i.e. without loss of the Bragg primary re¯ection intensity [the Renninger scan (RS) method], several secondary planes (h s , k s , l s ) within the single crystal and with arbitrary orientation are also brought into diffraction condition for the same incident beam. The intensity interactions between the primary and several secondary re¯ections are established through the coupling re¯ection h p ±h s k p ±k s l p ±l s . When the relative strengths of the re¯ections involved in a multiple-beam process interfere constructively, the result is an enhancement of intensity (Umweganregung), whereas in the converse case, the primary intensity is reduced (Aufhellung). This interference depends on the coherency of the X-ray scattered by the crystal lattice. If an impurity is added to the pure material, this coherence will be reduced unless the impurity occupies a substitutional position within the crystal lattice. This feature is interesting when working with perfect crystals such as KDP, where any deviation from the pure structure can be expected to cause signi®cant changes in the MD pattern.
Special three-beam cases, including Bragg surface diffraction (BSD), occur when the secondary beam is diffracted in an extreme asymmetric condition almost parallel to the primary planes, i.e. the sample surface. Morelha Ä o & Cardoso (1996) have used such diffraction cases as a method to analyse the crystalline perfection of semiconductor surfaces. A computer program based on the MD theory for mosaic crystals has been developed to ®t the position and pro®le of the RS peaks corresponding to three-beam cases (Morelha Ä o & Cardoso, 1993) , mainly BSD. It is able to adjust even hybrid re¯ections, namely those appearing in either layer or substrate RS and arising from the interactions between these lattices within the crystal. In the case of semiconductor epitaxic structures, the program provides the lattice parameters and mosaic spread for the layer and substrate (interface) surface plane (Morelha Ä o et al., 1995) for both laboratory and synchrotron Xray sources (Sasaki et al., 1996) .
The RS shows symmetry mirrors (Chang, 1984) related to the symmetry of the chosen primary vector and also to the symmetry established when the secondary reciprocal-lattice point (RELP) enters and leaves the Ewald sphere. Therefore, this technique provides, in principle, enough sensitivity to detect the small symmetry changes in the crystalline lattice that might be expected to occur when incorporated impurity species are distributed in a manner that is not in accordance with the crystallographic space group. An earlier attempt to use MD to investigate impurities within the crystal lattice (Cardoso & Caticha-Ellis, 1981) emphasized the bene®t of working with a weak or symmetry-forbidden primary re¯ection, revealing also the signi®cant enhancement of RS signalto-noise ratio in cases where the impurity occupies an interstitial rather than a substitutional lattice site.
Experimental

Crystal growth and perfection
Mn 3+ -doped KDP crystals were grown from supersaturated aqueous solutions at a pH of 1.5 in the presence of trace amounts of the trivalent transition metal ion (2±5 Â 10 À4 mol). The KDP structure is tetragonal with space group I " 42d (Bacon & Pease, 1955; Baur, 1973) resulting in as-grown crystals that are elongated along the c axis and exhibit well de®ned {100} prismatic and {101} pyramidal habit planes. In the presence of trivalent dopants such as Mn 3+ ions, tapering is observed on the prismatic {100} faces (Jaffe & Kjellgren, 1951; Davey & Mullin, 1974a,b) . Incorporated Mn 3+ impurities can be seen in the as-grown crystals as a dark-brown colouration of the normally transparent crystals in an effect that is strongly segregated to be within the prismatic growth sectors, which were found to exhibit tapering with respect to the c axis of ca 6 .
Typical full width of half-maximum (FWHM) rocking-curve measurements (400 re¯ection) for the as-grown KDP crystals were found to be ca 3 arcsec. This, together with Lang X-ray topography studies , revealed the crystals to be of high crystallographic perfection (dislocation density <100 cm À2 on the {100} and <10 cm À2 on the {101} facets). Topographic and rocking-curve measurements revealed no signi®cant differences in the lattice perfection between the pure and Mn 3+ -doped KDP crystals. Schematic view of the experimental setup. The synchrotron beam is monochromated by an Si(111) channel cut. The beam is diffracted by the KDP single crystal mounted in the Eulerian cradle and detected by the detector at the 2 angle. The crystal is accurately aligned by moving 9 and AE. During the Renninger scan on 1, the Bragg condition is maintained.
High-resolution RS using synchrotron radiation
High-resolution RS were obtained using the multiplediffraction facility at Station 7.6 (Campos et al., 1990) at the Daresbury Synchrotron Radiation Source (SRS), UK. In this experimental arrangement, an Si(111) channel-cut monochromator crystal was mounted on the ®rst axis of a doublecrystal diffractometer with a three-circle Eulerian cradle provided on the second axis. This setup (Fig. 1) provided an extremely monochromatic and collimated beam (ca 2 arcec for both horizontal and vertical divergence). The high-resolution RS MD patterns of the KDP crystals were collected using the 400 primary re¯ection, re¯ecting the fact that for the doped samples the impurities were segregated into the {100} growth sector.
Results and discussion
RS pattern indexing
In order to calibrate the experimental setup for the synchrotron radiation wavelength [! = 1.910 (5) A Ê ], 1 scans with steps of 0.002 around the 1 = 0 symmetry mirror, together with the analysis of the observed secondary-re¯ection behaviour, were used, drawing upon the parameters re®ned from the pure KDP structure determined from singlecrystal measurements. Fig. 2 shows a comparison between the portions around the 1 = 0 symmetry mirror of the RS for the pure and Mn 3+doped KDP samples. The indexing indicates the possible MD cases for the weak 400 primary re¯ection. Since the primary vector presents twofold symmetry, all four-beam cases, 000 400 " 1kl 5kl and 000 400 1kl 3kl, simultaneously diffract and are thus present in the RS. These cases are represented by their secondary re¯ections, e.g. " 1kl 5kl and 1kl 3kl. The BSD cases 2kl are also represented in the RS, manifested by the contributions 213 and 202 appearing at both sides of the mirror. A scheme of the occurrence of possible beams in the Ewald sphere, including the primary one, is shown in Fig. 3 . It is worthwhile to point out that each of the four-beam cases involves a Bragg (re¯ected) and a Laue (transmitted) secondary re¯ection which always appear coupled. Some of the RS peaks, such as the 213 BSD for the pure KDP, show a large MD peak pro®le asymmetry due to the constructive and destructive interference in the MD phenomenon which is a characteristic of perfect crystal lattices (Chang, 1984) . Such an effect is magni®ed in this case by the high-resolution RS provided by a synchrotron radiation source.
Lattice contraction following Mn 3+ incorporation
The presence of impurities in the KDP lattice is clearly demonstrated in the RS of the Mn 3+ -doped KDP, labelled A in Fig. 2 (top) , through the striking suppression of the peak asymmetry found in the pure undoped crystal. The associated peak broadening causes almost total disappearance of some of the dips in the doped scan, e.g. the four-beam case 111 511 (see Fig. 2 ).
The two BSD peaks 213 and 21 " 3 in the RS pro®les of both pure and doped KDP were ®tted with the MD simulation program to provide useful information on the unit-cell parameters and surface-plane mosaic spread. Fig. 4(a) shows the result for the pure KDP. As the program is not optimal for perfect crystals, it has been adjusted to consider in the ®tting procedure a dip contribution from these re¯ections so as to take account of the peak asymmetry. From the peak position, the pure-KDP lattice parameters were found to be a = b = 7.494 (5), c = 6.997 (5) A Ê , and the in-plane mosaic spread was estimated to be about 6 arcsec (the best result in this case). These lattice parameters are consistent with those obtained using single-crystal diffractometer measurements on the same sample [a = b = 7.494 (3), c = 6.998 (4) A Ê ], thus supporting the MD results. Fig. 4(b) shows the MD ®tting results for the same peaks in the case of the Mn 3+ -doped KDP, revealing a lattice contraction of ca 0.4% [a = b = 7.465 (1), c = 6.971 (1) A Ê ] together with a broader in-plane mosaic spread ( = 14.3 arcsec) for the 213 secondary peak. All the values obtained are given in Table 1 . In order to evaluate the accuracy of the ®tting process, the reliability factor (R), as de®ned by Morelha Ä o & Cardoso (1993) , was calculated, giving a value of 0.8%, which is indicative of very good agreement and hence supports these results.
The incorporation of the Mn 3+ species does not appear to disrupt the KDP crystal lattice greatly, as evidenced by the observation of a well characterized MD RS pattern which still displays mirror symmetry (see Fig. 2 ). This observation provides clear evidence for a well de®ned chemical binding motif for the Mn 3+ impurity species within the crystal lattice. However, suppression of the Aufhellung (negative) peaks within the RS for the Mn 3+ -doped sample clearly points to an interstitial rather than substitutional incorporation mechanism. Additionally, although the doped crystal still appears to be a rather perfect crystalline sample, a closer examination of the MD peak pro®les (see Fig. 4 ) reveals that minor disruption of the lattice does indeed take place upon incorporation of the Mn 3+ ions. This is evidenced by an increase in the mosaic spread of the crystal within the effected {100} growth sector, as shown by the loss of the perfect (dynamical) MD re¯ection peak pro®le. Finally, accurate calculation of the unit-cell parameters reveals signi®cant contraction of the lattice following Mn 3+ -dopant incorporation. This is, perhaps, surprising as one would intuitively expect lattice expansion following dopant incorporation.
Thus, from all these factors it is clear that a simple substitutional incorporation mechanism is most unlikely; the exact mechanism probably involves creation of lattice vacancies for charge compensation associated with the cationically binding trivalent species, with the dopant incorporation being more likely to take place on an interstitial site.
An interstitial environment for the Mn 3+
By far the most important result found from Fig. 2 is the appearance of an extra peak (labelled A) in the RS of the doped sample at 1 = AE1.137 (for ! = 1.910 A Ê ). A detailed view of this peak, comparing the RS of both the pure and doped KDP samples, is given in Fig. 5 Fitting of the BSD peaks 213 and 21 " 3 in the 400 RS for (a) pure KDP and (b) Mn 3+ -doped KDP. Table 1 Lattice parameters for pure and Mn 3+ -doped KDP (space group I " 42d; Bacon & Pease, 1955; Baur, 1973) determined from X-ray multiple diffraction (MD) and single-crystal diffractometer measurements (SCD).
V is the volume of the unit cell and is the in-plane mosaic spread. The wavelength used in the MD calculations was ! = 1.910 A Ê . The lattice dilation was calculated for the MD lattice parameters. Literature values of the lattice parameters are a = b = 7.448, c = 6.977 A Ê . 
Pure
Figure 5
Comparison between the expanded region of the high-resolution 400 RS for pure and Mn 3+ -doped KDP.
asymmetric peak at this position, in contrast to the presence of only a dip measured in the RS for pure KDP. This phenomenon can be explained as the sum of contributions from the expected dip and from the impurity peak at the same point. In fact, the impurity must give a positive contribution to the RS since the dip would be bound to be weakened in order to allow the occurrence of an impurity peak. The detailed analysis reveals also that this dip corresponds to the contribution of the four-beam case 171, 371, which should appear at 1 9 À1.137 for ! = 1.910 A Ê . Associated with this peak, ®ve re¯ections 04 " 3 44 "
3, 171 371, 17 " 1 37 " 1, 062 462, and 213, 1 were analysed within the range of possible X-ray wavelengths in order to determine which secondary re¯ection has made this contribution.
As expected, due to the Mn incorporation, there is a shift in the RS secondary-peak positions associated with the change in the doped unit cell. The shift varies with the re¯ection sensitivity, i.e. the angle () between the entrance and exit positions of an RELP on the Ewald sphere as mentioned above (x2). Since a smaller value provides bigger RS peak shift, Fig. 6 shows this shift as a function of the wavelength for the ®ve different secondary re¯ections. The calculations were carried out by inputting the doped unit-cell parameters into the indexing program. It is important to point out that the sensitivity to the ! value of some re¯ections, for instance 17 " 1 37 " 1, is so high that they can just disappear from the RS at a determined !, while another re¯ection 171 371 simply starts to appear for the same ! variation. This result con®rms, and also enhances, the potential of the MD technique for structural analysis. Finally, as can be seen from Fig. 6 , the better choice of secondary re¯ection to explain the extra peak in the RS of the doped sample is the 062 462 re¯ection, which should appear at 1 9 À1.08 for ! = 1.910 A Ê .
The subtle variation in the MD RS pattern together with the presence of the extra MD peak in the RS provides compelling evidence that the Mn dopant is chemically bound within the KDP crystal lattice, i.e. the mechanism of Mn 3+ incorporation is not a simple physical (non-bonded) substitution. The observations are clearly consistent with Mn incorporation at interstitial sites rather than at lattice sites in the doped unit cell. As expected, the data reveal that it is easier to detect an impurity contribution at RS positions which are not allowed in the case of MD of the undoped KDP. Furthermore, a weak primary re¯ection, used in order to enhance the extra-peak detection, provides a better signal-to-noise ratio.
These results are consistent with parallel studies using Xray standing waves which also con®rm Mn 3+ impurity incorporation via an interstitial-site incorporation mechanism within the KDP unit cell.
Conclusions
In-plane mosaic spread and lattice parameters of pure and Mn 3+ -doped KDP were obtained by ®tting of the three-beam MD surface peaks. The values of the lattice parameters for pure and doped KDP are very close to those obtained from single-crystal diffractometer data, which con®rms the capability of the MD technique to study doped crystals. This agreement also con®rms the possibility of using the ®tting method in the study of doped crystals as well as perfect crystals, albeit with some modi®cations. The Mn 3+ atoms were found to occupy interstitial lattice sites as evidenced by (i) the enhancement of the signal-to-noise ratio for all measured MD peaks; (ii) the suppression of most dips in the Mn 3+ -doped KDP RS (caused by loss of the coherency of the X-ray scattered by the crystal lattice); (iii) the occurrence of an extra peak in the Mn 3+ -doped KDP RS MD data, a supposition con®rmed via parallel X-ray standing-wave measurements carried out on the same material .
Figure 6
Sensitivity of secondary re¯ections in the 400 RS of Mn 3+ -doped KDP as a function of the wavelength. The straight line parallel to the RS peak position axis indicates the wavelength at which the measurements were carried out.
